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Some months ago the writer had occasion figure the volume 
masonry the elliptical groined arch roof covering the sand filter 
then under construction William Wheeler, Am. E., for 
the Somersworth, H., Water-Works (see Plate II, Fig. 1), and de- 
duced therefor series formulas giving the volume masonry 
its cylindrical, cloistered and groined elliptical arches. These form- 
ulas, which have been considerably amplified, and which have been 
added sketch the development the groined arch, comparison 
the relative volume masonry the several types arches, and 
brief description method for computing the strength the 
groined arch, form the basis this paper. 

The results thus far obtained the writer are presented this 
time, not with the idea that they are any sense complete, but the 


hope that they may some service engineers, and that they 
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may, perhaps, suggest others new methods analysis which may 
lead the deduction general formulas, now entirely wanting, for 
the dimensioning and comparison the different types arches. 

Among the most common forms masonry roofs use are the 
following: First, the dome spherical arch; second, the cloistered 
arch; third, the cylindrical arch, and fourth, the groined arch—all still 
further subdivided, according the form the generating curve 
into semi-circular, elliptical, segmental, parabolic, pointed Gothic, 
multi-centered and various other forms. 

these four general types arches, the dome and the cylindri- 
cal barrel arch are too well known require description. 
cloistered and the groined arch, however, should carefully distin- 
guished, the essential difference being that the cloistered arch the 
vaulting springs from series springing lines and meets the 
crown common point, the several vault intersections arrises 
forming re-entrant angles the masonry; whereas, the groined 
arch, the vaulting springs from series springing points pillars 
and meets the crown series intersecting lines (see Figs. and 
and photographs Somersworth, H., and Ashland, Wis., filter 
plants, Plate II), the several vault intersections arrises forming 
so-called groins ribs, convex angles the masonry. 

will thus seen that the groined arch, even more than the 
dome, gives, naturally, effects great spaciousness, simplicity and 
stability form, well adapted use such engineering structures 
covered reservoirs, which economy and stability construc- 
tion, and air space for convenience operation and ventilation, are 
prime requisites, and which the presence supporting pillars 
serious objection. 

The history the groined and the cloistered arch coeval with 
the development the early ecclesiastical structures, and remote 
origin, probably dating back the time Roman supremacy; for 
with the rise Roman power, find arched vaulted types 
masonry construction supplanting the post and lintel form the early 
Grecians, and passing subsequently through many modifications, 


tending always toward greater ornamentation and splendor. 

Necessity was probably the occasion the invention the groined 
arch, for the earliest custom the Romans, when building two inter- 
secting arches, was raise one arch above the other, order avoid 
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their intersection, and the consequent formation groins, clumsy 
though satisfactory method where practicable. But situations soon 
arose which this method was impracticable account lack 
head room, and the groined arch was the inevitable result. Moreover, 
common form arrangement columns and roof the early public 
buildings the Romans was, according Choisy, that large 
central vaulted hall church, flanked either side secondary 
vaulted chambers, which necessitated the use groined arches. 

The origin the groined arch has thus been traced back the 
second third century the Christian era, and many striking ex- 
amples its magnitude areknown. Russell Sturgis, his 
pean Architecture,” and Auguste Choisy, his admirable and 
comprehensive work Batir chez les Romains,” describe 
them length, citing the great Tepidarium Baths Caracalla, 
built Rome 215 D., ft. span; the Baths Diocletian 
Rome, built 290 and restored Michael the sixteenth 
century, and the Basilica Maxentius and Constantine, ft. span, 
portions which are still standing near the Forum Rome. Yet, 
while these massive ancient structures, with all their difficulties 
erection and construction, excite our interest and wonder, they could 
scarcely cited models economical construction. 

The first groined arches were characterized their simplicity, the 
vaulting—generally semi-circular—being unornamented, the groins 
merely sharp arrises. Later, they furnished the chief decoration 
the edifices which they were built, and were richly carved and 
ornamented. With the increasing demand for greater unobstructed 
space and more striking architectural effects the large baths and 
halls, the dimensions the vaulting grew, did the difficulty 
adequately centering the structure for construction. This, the grow- 
ing tendency ornamentation the groins and the introduction 
the Gothic arch, probably suggested the use ribs re-enforce the 
groins arrises, which ribs thus divided the vaults into sections and 
permitted the reduction the thickness the vaulting between them 
and the discarding portion the heavy centering. 

These ribs were first very simple section, being generally 
broad and thin, with rectangular off-sets, much the architrave 
door; and, even the twelfth century, according Gwilt, were 
seldom moulded with more than simple torus some The 
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ribs sprung from the square piers supporting the four corners the 
vaulted roof, the groins corresponding the diagonals the 
but the thirteenth, fourteenth and centuries, the section 
the supporting columns, the form groining and number ribs, 
grew more complex, and following the changes and multiplication 
the number ribs may trace the evolution the fan-shaped, 
the star and the many other forms groining developed during those 
centuries, described length and fully illustrated Dr. Brey- 
mann’s Bau Constructions Lehre,” page 151; Auguste Choisy’s 
Vaults and Bridges.” 

might noted, concluding this brief outline the early 
development the groined arch, that the materials for the vaulting 
used the Romans were stone brick, backed with concrete 
rubble, and the ribs were generally built the same material, some- 
times specially moulded, the rib joints, particularly the smaller 
ribs, being laid either cement mortar with sheet lead, dis- 
tribute the pressure more over the joint. later days 
wood and iron came used place masonry the building 
material. 

Turning now consideration the adaptability the groined 
arch roof covering for large reservoirs, sand filter beds similar 
structures which large spans are not required nor piers objection- 
able, the following points advantage may claimed for com- 
parison with the cylindrical, the cloistered and the spherical 
domed arch. 

First.—Greater air space spaciousness under the vaulting, which 
tends toward better circulation air and consequent aeration the 
water, and which, the case sand filter beds, gives more room for 
scraping and renewing the surface the beds. 

Second.—Economy material. 

Third.—Absence necessity for lintel arches. 

Fourth.—Equal greater adaptability lighting, ventilation and 
access from above. 

Fifth.—Ease construction and equal adaptability concrete 
construction, except compared with the cylindrical arch, for which 


from work are also found short paper Roman 
Construction,” by G W. Perry, published, since the preparation of this paper, in the 
Journal of the Association of Engineering Societies, October, 1898, Vol. xxi, No. 4. 
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the centers can somewhat more easily and cheaply built, though 
the necessity for centering for the lintel arches the latter would 
perhaps off-set this advantage the cylindrical arch. 

The groined arch is, course, best adapted roofing square 
rectangular areas, for though circular areas can covered this 
way, the greater difficulty forming the arch centers for the latter 
apparent, they have cut around the perimeter the chamber 
other curve formed the intersection the roofing 
and the side walls. 

The superiority the groined arch, compared with other types 
arches the above-mentioned respects, needs demonstration, 
except the economy material, which involves two considera- 
tions: First, the method computing the amount masonry any 
system vaulting; and second, the strength that vaulting; which 
will now discussed. 

Assume, for purposes illustration, given square rectan- 
gular filter area which roofed over with system groined 
arches, shown Fig. built concrete, which the amount 
computed. will noticed that this roof made up, first, 
it), span equal the distance the clear between piers, and 
each supported one pier, second, cloistered arch 
corresponding ABCD, joined together, and third, half 
arch extending around the entire area, springing from the 
retaining wall and ending the crown the vault between said re- 
taining wall and the first line piers, length and 
respectively. The roof vaulting thus springs from and supported 
the side walls and piers, and forms crown lines parallel and lying 
between the several rows piers, and the piers and side walls, both 
directions. 

Let take up, therefore, turn, the computation these units 


—the groined arch unit, the cloistered arch unit, and the cylindrical 
arch unit. 


considering the easiest method computing the masonry 
these units has seemed the writer—in view the different mate- 
rials construction used, whether one several kinds together, 
brick concrete, both, and the diverse forms extrados used, 
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often regardless the materials construction, according which 
the extrados may conform the soffit parallel it, may 
horizontal plane surface passing through the crown, inverted 
pyramid over the piers, any other surface suiting the particular 
circumstances the preference the designer—that the simplest 
method was compute the volume masonry that circum- 
scribed prism from which has been deducted the volume the air 
space between (said circumscribed prism) and masonry. 
This method has, therefore, been adopted, and Table No. will 
found the values now deduced for the volume the air space 
between the horizontal plane the springing lines and the soffit 
various unit-types vaulting, the aid which, the manner 
above described, the volume masonry may computed. 


ArcH UNIT. 


The groined arch unit masonry may defined, for the purposes 
this discussion, the masonry ina system groined arch vaulting 
supported one pier and contained within the four vertical planes 
passing through the central axes and crowns the arches springing 
therefrom. This unit, shown Fig. equivalent the unit (Fig. 
contained within four vertical planes passing through the centers 
four adjacent piers, and becomes identical with the several parts 
the latter but rearranged. 

The Segmental Groined Arch Unit.—Let consider first the general 
case the (circular) segmental groined arch unit—the semi-circular 
groined arch unit being but the particular case which the rise the 
arch equal half the span—and 

Let half the span the arch; 

rise the arch; 

radius the arch; 

diameter semi-circular arch; 

length supporting piers; 

width supporting pier; 

width length pier the latter square; 

Referring Fig. the volume air space between the plane 
the springing lines the soffit and the vaulting equal eight 
times the volume the air space, so-called [being that seg- 
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ment cylinder underlying the portion the vaulting shown 
plan (Fig. 3), enclosed horizontal plane passing through 
the springing line, the soffit the arch and three intersecting 
vertical planes passing through and plus the volume 
segmental cylindrical arch span rise and length equal 
the width plus the length the pier. 

The volume the air space may found the following 
manner: Passing vertical plane, perpendicular through any 
point distant from the line will cut from the }-unit air 
space quadrilateral shown Figs. and which the line 
expression: 


may readily deduced from Figs. and 

The volume air space underlying the seg- 
mental groined arch therefore found integrating the above ex- 
pression (2) between the limits and thus: 


9 
e 


3 3 2 


The volume the segmental cylindrical arch, span rise and 
length derived similarly (1), and indicated the 
expression: 


or 


hence, the total volume air space the (circular) segmental groined 
arch unit between the plane springing lines and soffit arch equal 
(4) plus (5) (6). 
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the pier area becomes equal point, (7) becomes, 
With the aid the above formulas the volume the (circular) 
segmental groined arch unit may readily found when the radius, 
span, and crown thickness arch, dimensions piers and form 
extrados are known. Thus, using the same nomenclature before 
(see page 42), the spandrel the arches filled with masonry that 
the extrados horizontal plane surface passing through the crown, 
which the depth masonry equal the volume masonry 
the (circular) segmental groined arch unit becomes 


the extrados filling depressed over the piers the form 
inverted pyramid, the volume masonry would found de- 
ducting from (10), (11) (12) the volume that inverted pyramid. 
Or, finally, the extrados also segmental form, paral- 
lel the soffit the vaulting, the volume masonry the (circular) 
segmental groined arch unit would found deducting the vol- 
ume between the plane the springing lines and the soffit the 
vaulting, determined formulas (7), (8) (9), from the volume 
between the plane the springing lines and the extrados the vault- 
ing determined formulas (7), (8) (9), substituting therein, for 
the values the radius, span and rise the soffit arch, those func- 
tions the extrados arch, and, for the dimensions piers, the new 
values determined from the section cut the extrados from the pier 
the plane the springing lines. 


4 
3 
4 
4 
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Semi-Circular Groined Arch Unit.—Similar values for the 
lar groined arch unit may obtained directly substituting the 
formulas just deduced for the (circular) segmental groined arch the 
value the semi-span rise the arch, their equivalent, the 


radius the half the diameter, and are found 

The Elliptical Groined Arch Unit.—In deducing general formulas 
for the computation the masonry the elliptical groined arch unit 
vaulting, the same general methods analysis can used were 
followed the case the (circular) segmental groined arch vaulting, 
the only difference being that the transverse curve the arch varies 


Referring Figs. and the volume air space the 


elliptical groined arch between the plane the springing lines and 
the soffit the arch 


which analogous the expression deduced for the semi-circular 
groined arch unit (see Table No. 1). 

The volume the elliptical cylinder, span rise and length 


(m+n) 


Hence the total volume air space between the plane the springing- 
lines and the soffit the vaulting elliptical groined arch unit is, 
when the pier area equal 


When the pier square, 
When the pier zero, 
(25) 


And the volume masonry the elliptical groined arch unit the 
extrados which horizontal plane surface passing through the 


* Formulas (13) to (20), inclusive, refer to the semi-circular groined arch unit, 
omitted here for lack of space, but found in condensed form in Table No. 1. 


= 
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crown (at which point the masonry has depth thickness equal 
is, when the pier area 
When the pier square, 


When the pier area zero, 
(28) 


Any difference the form the extrados back the vaulting 
may treated manner precisely similar that suggested for the 
segmental groined arch vaulting. 

Elliptical Segmental Groined Arch Unit.—Formulas have not been 
deduced for this form groined vaulting account the improb- 
ability its being used; for segmental arch required, the circular 
form would probably used preference the elliptical. any 
event, the deduction formulas cover this case would similar 
that already outlined for the circular segmental groined arch. 

Parabolic Groined Arch Unit.—The volume masonry involved 
the parabolic groined arch unit—that is, groined arch which the 
right section through the crown parabola with vertical axis and 
vertex the crown—may computed the same way the circular 
and elliptical groined arch units; bearing mind that the equation 

The parabolic groined arch will found most convenient for use 
invert for the floor the reservoir filter bed, account 
its similarity the segmental groined arch, and the ease with which 
grade stakes can set for it. 

Referring Figs. and the volume air space the 
parabolic groined arch between the plane the springing lines and 
the soffit the arch is: 


(29) 


The volume the parabolic cylinder, span rise and 


Hence, the total volume air space between the plane the 
springing lines and the soffit the vaulting parabolic groined 
arch unit is, when the pier area equals 

4ab 


4 
| 
{ 
q 
{ 
q 
4 
q 
4 
5 
4 
{ 
{ 


METCALF THE GROINED ARCH. 


When the pier area square, 
8abw 


When the pier area zero, 
a2b 


from which the volume masonry may computed previously 


outlined. 
CLOISTERED UNIT. 


Let now deduce formulas covering the same ground for the 
cloistered arch; the second step (see page 41) the computation 
the masonry the hypothetical roof under discussion. 

The cloistered arch unit differs from the groined arch unit, that, 
whereas the groined arches spring from piers points (or lines 
length equal the dimensions the pier), and meet the crown 
intersecting lines lengths equal the span plus the width and 
length, respectively, the pier, the cloistered arches spring from the 
side walls, lintel arches, lines circumscribing the unit, and in- 
tersect the crown single point. Hence the same general 
method computation and the same mathematical forms were used 
for computing the masonry groined vaulting may used for 
cloistered vaulting, only the proper limits for integration sub- 
stituted therein. 

Segmental Cloistered Arch Unit.—Adopting the same nomenclature 
before, find determining the volume air space the 
cloistered arch shown plan Figs. and 14, that the 
from intersects therefrom partial segment whose area, 
semi-span, 


radius curve soffit segmental cloistered arch, 


b=r— Vr —a= rise, 


equal to, 


2 


Hence the volume air space between the plane the springing lines 
and the soffit the arch the }-unit segmental cloistered arch 


2 9 


THE GROINED ARCH. 
a 
[Formula (34)| 


And the volume air space between the plane the springing lines 
and the soffit the vaulting segmental groined arch unit, span 
2a, and rise 
Semi-Circular Cloistered Arch Unit.—By making the rise (which 


equal the semi-span) equal the radius the arch Formulas 
(34), (35), and (37), for the segmental cloistered vaulting, have 
corresponding formulas for the semi-circular cloistered arch (see Table 
No. 

Elliptical Cloistered Arch Unit.—Similarly, the volume the air 
space under the }-unit elliptical cloistered arch 


(39) 


And the volume the air space under the elliptical cloistered arch 
unit is, 


Parabolic Cloistered Arch Unit.—The volume the air space under 
the parbolic cloistered arch is, 


And the air space under the parabolic cloistered arch unit 


the aid these formulas may found, previously de- 


scribed, the volume masonry any cloistered arch, deducting 
from the computed volume circumscribed prism the volume 
the air space underlying the soffit the vaulting, together with the 
volume the air space, any, between the extrados and the hori- 
zontal upper base the prism which passes through the crown. 


o @ 2 2 a 

8 a b 

q 
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should noted, moreover, that the dimensions (length and width) 
the prism circumscribing the cloistered arch are not merely equal 
the clear span both directions, but are each case greater than 
those spans amount equal the combined thickness the 
vaulting the two opposite springing lines, and hence equal the 
span plus twice the thickness the abutments. 


Formulas for the volume the air space between the plane the 
springing lines and the soffit the cylindrical arch units have already 
been deduced, but are gathered here for convenience: 

For the segmental cylindrical arch, 


For the semi-circular cylindrical arch, 
For the semi-elliptical cylindrical arch, 
For the parabolic cylindrical arch, 
4abl 
(47) 


all which 
length cylindrical arch, 


Table No. contains, for convenience computation, the formulas 
just deduced relating the volume the air space between the 
plane the springing line and the soffit the vaulting the dif- 
erent types vaulting discussed. 

Table No. given comparison the ratios the volume 
masonry the groined, cloistered, cylindrical, and dome arch 
units, the pier area and width abutment which equal and 
which the extrados plane surface passing through the soffit 
crown the volume masonry ina circumscribed rectangular prism, 


passing through the same springing lines and soffit crown; which 


mxn | 6168 a “b= 3.333 a b+1.333 ab 
lea. .ae Fe “Jn 
Zero | +4ar’sin ‘a. =87 3.61687? = 3.6168 = 3.3333 a2b. 
References: 
ta f b = rise of arch, Note: Air-space space underlying portion of roof 
} = radius of arch, supported by onepier and contained within the four 
all d =diameter of semi-circular arch, vertical planes passing through the central axesand 
Cylindrical Arch. supporting pier. crowns the arches springing 
Cylindrical Arch, %= width of supporting pier. 
\% Unit. W = length of square pier. 


1 = length of cylindrical arch. 


Unit. 
t = thickness of concrete at crown, 


table, though misleading certain respects, has, perhaps, compara- 
tive value, and that extent suggestive. 


TABLE No. 2.—Compartson Masonry GROINED, CLOISTERED, 
SCRIBED RECTANGULAR PRISM PASSING THROUGH SPRINGING LINES AND 


Pier area and width abutment and extrados horizontal plane 
surface through soffit crown: 


Ratio 
Description of ** Unit.” | under masonry. masonry to 
masonry. Cubic feet, 
rectangular 
prism. 
clliptical Groine vec t 2 on2 
Area of pier = 0 3.6168 a2b 0.3832 a2b 9.58% 
Elliptical Cloistered Arch ................ 2.6667 33% 
| 
Circular Cylindrical Arch........ l=2a.. 3.1416 | 0.8584 21.46% x 
Hemispherical Dome.................... ' | 
REFERENCES: 


Table No. contains comparison the amounts masonry 
the elliptical and semi-circular groined, cloistered and cylindrical 
arch units, with that circumscribed rectangular prism passing 
through the springing lines and the (extrados) crown the vaulting, 
based upon the following, and, perhaps, more satisfactory assump- 


tions: 

Piers square; 
Width piers thickness 


Spandrels masonry level with crown (that is, extrados crown). 


‘ 
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The results are certainly interesting, and while the writer does 
not propose discuss them here—as they speak for themselves—he 
would call attention the fact that they are not strictly comparable 
for large structure, for the reason that while the span, rise and 
crown thickness are the same all cases, the depth abutment 
piers (and consequently the amount masonry), varies, and for the 
further reason that allowance has been made for the amount 


TABLE No. GROINED, CLOISTERED AND 
GULAR PRISM, BASED UPON THE SPAN 
NESS CONCRETE CROWN SPAN; SPANDRELS FILLED WITH 
Masonry Crown (oF 


prism. 


The above comparisons are not absolute, as the dimensions of. the circumscribing 
ey vary. Moreover, no allowance has been made in them fSr the masonry required 
or the lintel arches from which spring the cloistered and cylindrical arches. 
masonry the lintel arches required the cloistered and cylindrical 
arches. This latter however, the advantage 
the groined arch consideration its economy, compared with 


other types vaulting. 


Turning now from the subject the volume masonry the 
groined arch, let briefly touch upon method for studying com- 


puting the stability the groined arch. 
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Judging from the literature the subject, but little study has 
been given the stability the groined arch mathematicians 
engineers bygone years. Dr. Hermann Scheffler, his Theorie 
der Futtermauern und published 
1857, presented perhaps, least far the writer has observed, 
the most complete analysis the subject that has yet been published, 
but based, like his discussion the cylindrical arch, the as- 
sumption the incompressibility the building material. Rondelet, 
about the same time, carried series experiments with differ- 
ent types arches upon small models, which experiments, though 
they seemed bear out deductions, can hardly accepted 
more applicable full-sized arches than are the early experiments 
Hodgkinson and Fairbairn upon small models applicable full- 
sized specimens timber, iron and steel. 

William Cain, Am. Soc. E., has also published short article* 
Voussoir Arches Applied Stone Bridges, Tunnels, Domes and 
Groined which will found helpful, and which was written 

More recently, however, Grande and treating 
Arches,” have outlined method which appears the 
empirical formula, and which herewith briefly abstracted and trans- 
lated: 


consider, then, the conditions stability which 
work this character presents. 

suppose that cut one the two vaults two vertical 
planes very close together, and normal the generatrices and 
Fig. 255. The portion the arch thus cut out cylindrical 
vault infinitesimal length, and has for its right section, symmetri- 
cal with reference the vertical plane through the crown, fraction 
the section the complete cylinder limited the vertical 
planes and can compute the thrust exerted this arch 
its abutments, and determine the point intersection the 
line resistance, the plane the section. Let the weight 
this half incomplete arch and the thrust which exerts. 

Let consider the portion the arch which corre- 
sponds exactly that previously considered the adjacent vault. 


* No. 42, Van Nostrand Science Series, 1879. 

+ No. 12, Van Nostrand Science Series. 

Résal. Vol. page 329 
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Considering the identity which exists between these two fractions 
the arch from the point view the load, the length and the right 
section, the last will exert the same horizontal thrust and its line 
resistance will cut the vertical plane through the same 
point 

lines resistance these two arches therefore meet the 
same plane the groin; the vertical components these pressures 
combine, the one with the other, and the horizontal components, that 
say, the thrusts which cut each other right angles have for 
their resultant horizontal force equal and contained the 
vertical plane 

now, the load supported the portion the groined 
arch has for result the development, the plane 
find. 

suppose that divide the half the vaulted arch 
into certain number slices, and that determine the preced- 
ing method, amount and direction, the resultant pressures trans- 
mitted these slices the plane the groin 

256 represents the vertical section the groined arch cut 
the plane and have marked thereon the points applica- 
successive slices cut from the arch. will suffice, combine these 
different forces acting from the crown toward the springing 
obtain the curve the line resistance the plane the groin. 

total weight transmitted the upper section the 
column will equal the weight quarter the groined arch 
and the total thrust will the sum the partial thrusts 
lated separately for the different slices. 

cut the groin plane Fig. 255, which per- 
pendicular it. Let (Fig. 257) the point intersection this 
plane resistance, and the resultant the reactions trans- 
mitted the portion the groined arch which lies the groin between 
the crown Sand the plane MN. This force will distribute itself 
over certain zone the masonry, over one portion and another 
the plane symmetry and the total reaction the arch will 
definitely transmitted the column natural suppose 
that the zone affected the force will sensibly limi- 
ted the vertical planes Sand limited the crown and the 
opposite corners the column. This statement seems 
almost self-evident. 

Fig. 258 represents the section cut the plane from this 
prism masonry which called upon balance its molecular 
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action the force order that the work may stable neces- 
sary that the maximum pressure developed this section should not 
exceed the practical limit; can also under all circum- 
stances the value this maximum pressure the formulas for the 
resistance materials. 

cases may present themselves: First, when the calculated 
pressure admissible. The work will 
then have the desired stability without 
modification. Second, when the point 
too near the upper summit corre- 
sponding the re-entrant angles the 
profile. necessary then reinforce 
the top the section masonry, and one 
can this without difficulty (Fig. 258) 


253. 
filling the depression the surface 
the extrados the groined arch the 
plane AS. This reinforcement the 
theoretical diedral angle regular sur- 


face, one bringing the extradoses 
the two vaults into accord, very fre- 
quently practiced builders. Third, 
when the point too near the inferior 
summit corresponding the groined 
edge the work. This groin runs the 
danger, then, failing and crushing, 
This can done surrounding the 
grein with prism masonry forming 
rib and intimately bonded the mass 
the groined arch (Fig. 259). 

custom well known archi- 
tects, which entirely justified, see, 
the theory arches. Sometimes this 
rib stops its junction with the column, 
the vertical ornament upon which 
rests; or, again, may continue from its 
junction with the column the bottom 
the latter, following the vertical edge 
Fig. 260 represents the plan work 260. 
thus designed, and customary place the crown salient 
stone which the ribs the groin abut, and which forms 
motive decoration. happens sometimes that groined 
arches are formed the intersection two vaults the same rise 
but different span. this case the thrusts their vaults being un- 


258. 
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equal, the resulting pressures developed their vertical plane 
intersection will longer necessarily contained this plane. 

above-described method analysis perfectly applicable, 
however, though one recognizes general that this disposition 
less favorable stability, and should discarded when arches 
large dimensions and heavy loads are 

apparent, course, that this method makes allowance for 
the greater stability the structure due the monolithic character 
the masonry when constructed concrete; which stability 
doubt materially increased thereby. 

drew the following conclusions from his analysis the 
page 183: 


striking fact that, comparison these different values 
for (the thickness abutment), all cases the thickness abut- 
ment free standing pillar the value which computed according 
(17), upon which two rib arches act right angles simultaneously, 
smaller than for simple cylindrical arch, for the unbalanced 
pressure resulting from single arch rib. The reason for this 
found the fact that whereas the first case, where all the forces 
unite along the diagonal, the moment the abutment grows accord- 
ing the 7/2 1.414 times; under the same conditions, the moment 
the injurious (harmful) horizontal forces, only increases their 
junction; while the lever arm, therefore, also the moment the verti- 
cal forces favorable stability, increases greater proportion, 

results (which vary materially for greater coefficients 
stability, have seen above) find noteworthy confirmation the 
practical investigations with models Rondelet, which are described 
his L’Art Book IX, 6th section, chapter (page 327 the 
German translation), and according which, for the limit equilib- 
rium equal span widths, the thickness abutment dome arch, 
cloistered arch, cylindrical arch and groined arch, are 
about the proportion the numbers 6.” 


Albert Hébrard his book gives empirical 
formula for the determination the thickness supporting pier 
groined arch which reduces the form: when 
equal greater than the span which 

F 


thrust crown arch between piers; 


distance centers crown points, span plus width 


pier; 
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width pier; 
ment. 


But will noted that the thrust the cylindrical arch has first 
determined, and the formula best only indirectly applicable. 


Recent EXAMPLES THE UNITED STATES. 


But few examples the use the groined arch its simplest 
form reservoir filter bed covering are found, either the 
United States abroad. Their introduction for such purpose this 
country was due William Wheeler, Am. Soc. E., Boston, 
who first made use them the construction the covered sand 
filters designed him for the Ashland (Wis.) Water Company 
1895 (see Plate II, Fig. 2). The groined arches there used were, 
appears Mr. Wheeler’s paper the Ashland filters, read before the 
New England Water-Works Association, March 10th, 1897: 


Elliptical arches 15.75 ft. span and 3.50 ft. rise. rings 
are about ins. thick, consisting two courses bricks laid flatwise 
Portland cement mortar. The spandrels the arches and the 
spaces over the piers and adjacent walls are filled and covered with 
backing Portland cement concrete the general level ft. 
above the spring the arches, but sloping down height ft. 
only, above the springing line the rear the outside wall.” 


The arches cover effective area about half acre, three 
compartments, and are protected earth embankment ft. 
depth covering them. 

1896, groined arches were again used the same engineer 
cover another sand filter, designed him for the Somersworth (N. 
H.) Water-Works (see Plate Fig. 1). These arches, which cover 
effective area half acre, were also elliptical, span ft., 
rise ft., built one course brick, laid edge, backed with Port- 
land cement concrete horizontal plane; making the depth 
the crown ins., covered with from ft. earth and 
gravel. 

They were also used Freeman Coffin, Am. Soe. E., 
1897, covering for reservoir designed him, and built for the 
Wellesley (Mass.) Water-Works upon Maugus Hill. groined 
arches were also elliptical, constructed entirely Portland cement 
concrete, 12-ft. span, 2-ft. rise and with spandrels filled depth 
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giving ins. crown, covering circular reservoir ft. diameter, 
and supporting earth and gravel filling ft. deep. 

And, finally, Allen Hazen, Assoc. Am. Soc. E., has made use 
them the new and excellent sand filter plant recently designed 
him, and now under construction, for the Albany (N. Y.) Water- 
Works. 

These examples the groined arch, engineering structures 
such character, limited they are number, are all the United 
States that have thus far (February, 1898), come the knowledge 
the writer, but seems highly probable that with the great awaken- 
ing questions relating bacteriological conditions water sup- 
plies, the construction covered filters and reservoirs will multiply. 
And for this reason the subject groined arches covering for 


reservoirs and sand filters has seemed the writer pertinent 
this time. 


Mr. Le Conte. 


Mr. Hutton. 
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DISCUSSION. 


much careful study and research, while the tabulated results add very 
materially its value. The writer will confine his remarks the 
economic features construction applied the covering reser- 
voirs and filters general. 

The masonry coverings considered the author are extremely 
pleasing the eye and are highly satisfactory every respect except 
cost. There are many modern designs for masonry coverings, 
composed concrete and iron tie-bars combined, which are equally 
durable, strong and efficient, take less space inside and are cheaper 
and better every way. Taking the author’s limiting planes, for 
volumetric comparison, the modern designs with span ft. and 
thickness only ft. would require about 0.70 cu. ft. Portland 
cement concrete per superficial foot roof covering, and the expense 
would not exceed cents per foot; the spandrels were not filled 
with masonry, the cost would not more than cents per superficial 
foot roofing. Roughly speaking, 1000 cu. ft. good Portland 
cement concrete are enough for sq. ft. covering. Hence, the 
writer thinks that, course time, financial reasons, more than any 
others, will drive groined arches from the field competition. 

remarks that all the examples the groined arch engineering 
structures that have come his knowledge are the United States. 
These applications are not new Europe, however. 1863-65 Mr. 
Belgrand built the reservoirs Menilmontant and Belleville Paris, 
both two stories. The lower story covered with semi-circular 
groined arches ft. clear span piers ft. square. The 
arches are ins. thick the crown, and are leveled with masonry. 
The upper reservoir covered with groined arches ft. span, 
and ft. ins. rise; the arches being formed two thicknesses tile 
laid cement, breaking joint. Their total thickness less than 
3ins. Upon this, ins. earth and sod are laid. 

Ten more years later, the reservoir Montsouris was built 
the same way. The lower reservoir covered with groined arches 
rubble masonry ins. thick the crown; the haunches being filled 
with concrete masonry. The upper reservoir covered series 
groined arches less than ins. thick, spans ft., with rise 
ft. 8ins. This thin arching method, recently 
introduced into America the architects. The writer has not investi- 
gated the origin this system arching applied reservoirs, 
which has been used others than Belgrand, and other places. 
The method much older. TheChurch St. Eugene 
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(Paris), 1854, was ceiled and roofed with Gothic ribs iron, the Mr. Hutton. 
arched surfaces between the ribs being tiles laid flat, cement. 
The upper reaches the Canal St. Martin, Paris, rest upon 
gypsum. The material places has been dissolved out from under 
two the upper locks and from one short level, the filtration 
water from the canal and from the Basin Villette. 
been repaired means piers sunk ft. and ft. solid ground, 
and from them spring groined arches brick rubble form the 
floor. 


ALLEN Hazen, Assoc. Am. Soc. E.—In looking over some Mr. Hazen. 
plans and photographs vaultings recently, the speaker was sur- 
prised find how seldom the groined arch has been used, consider- 
ing its marked advantages economy and strength. 

the Roman reservoirs Constantinople* arch resembling 
the groined arch was used freely, but was not true groined arch. 
was made springing narrow arches between the piers each 
direction and dividing the area into series squares which were 
covered flat domes. This form construction often seen 
architecture to-day. The ceiling the reading room the Public 
Library Boston very handsome it. 

important modern application this form vaulting 
Warsaw, Russia, where filters and reservoirs ten twelve acres 
are covered this way. 

Many covered reservoirs and filters have been constructed with 
arches resting upon narrow arches sprung between the 
piers one direction only. This form construction common 
England. The earliest Continental reservoirs and filters were also 
covered this way. The older water-works vaultings Berlin are 
this class, and also the filters St. Petersburg. 

The more recent vaultings Berlin, and elsewhere upon the Con- 
tinent, are usually groined arches. The corners are often re-enforced 
with ribs, Mr. Metcalf has suggested, and the speaker thinks there 
theoretical reason for this the case brick vaulting, although 
whether not the additional strength worth the trouble another 
question. the earliest covered reservoirs constructed the United 
States, English precedent was followed, and cylindrical vaulting was 
used. The speaker thinks that the first large masonry-covered reser- 
voir America was Newton, Mass. This reservoir was designed 
the late Albert Noyes, Am. Soc. E., and Alphonse Fteley, 
Past-President, Am. Soc. E., acted consulting engineer. 

William Wheeler, Am. Soc. E., belongs the credit the 
introduction America the groined arch for water-works purposes, 
has been stated Mr. Metcalf. The speaker has had occasion 
use extensively the new filters for the water-works Albany, Y., 


Wasserbehalter von Wien, 1893. 


Mr. Hazen. 
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and has had make computations similar those which 
Mr. describes. The volumes groined arches have been 
computed the speaker’s office William Fuller, Am. 
E., and others, methods similar those which Mr. Metcalf has 
used. These computations have been checked graphical methods, 
The graphical computation the volumes not difficult, and the 
results check perfectly those obtained the formulas. 

The speaker sorry that the paper does not give more reference 
the strength the vaulting; thinks that all the discussion 
the subject relates brick arches. the case concrete arches 
inclined think that the strains involved are somewhat different 
from those brick, and that the computations relating brick 
arches will have taken with some allowance when applied 
concrete. 

This, perhaps, will depend upon the way which the concrete 
placed. Concrete necessarily placed lots, leaving joints cer- 
tain places, and the tensile strength these joints very little, prac- 
tically nothing. speaker has used joints following the summits, 
that is, dividing the vaulting into series squares, each having 
pier Under these conditions, and with the dimensions 
used Albany, question whether there any arch action what- 
ever the vaulting. Changes temperature expand and contract 
the With brick arches this expansion and contraction 
would probably result slight rise and fall the crowns, corre- 
sponding the differences length the material the arches. 
With the concrete, the action apparently different. The blocks are 
rigid that there appreciable rise and fall the crowns. 
With contraction, the joints will open slightly some cases, making 
perfectly obvious that there pressure across them, and that 
the concrete blocks act cantilevers; while with expansion, which 
occurs with concrete put cold weather and afterward warmed 
summer heat, the whole mass concrete has push out the sides. 
some cases the cylindrical arch next the outside wall may act 
expansion joint for the groined vaulting the interior. 

The speaker has mentioned the cantilever principle simply 
proposition. not prepared say that thinks all vaulting 
that way. not fully informed the method con- 
struction used the Wellesley vaulting, but his impression that 
the concrete was not placed the manner used Albany, and that 
the joints were made other places; and that was the case could 
not expected act the same manner. the Albany work the 
concrete was mixed machinery, and the amount concrete 
required fill one the squares was placed very few minutes, 
and made solid block, without joint any kind. 

Regarding the practical strength the concrete vaulting, there 
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can question. first the speaker made certain rules regard Mr. Hazen. 
teams driving over it, etc., but found very hard keep the con- 
tractors order that respect. After little, teams were allowed 
over freely, and also trucks, and later, rollers weighing three 
tons were taken over repeatedly, and sometimes left it, and all 
without any injurious results. 
The cost the Albany vaulting per square foot area was 


follows: 
Concrete 0.78 cu. ft. $6.30 per cubic yard, in- 
Manholes, entrances, fasteners, 


The total cost, including piers, was less than cents per square 
foot. Various forms steel and concrete construction were consid- 
ered, before deciding upon the concrete vaulting, but the simple 
masonry was selected. 


Am. Soc. (by letter).—It well mr. Fuller. 
known that there are many advantages derived from covered 
reservoir filter-bed compared with one open the wind, rain 
and light, and the fact that covering such nature seldom used 
would indicate false impression, even the part many engineers, 
that necessarily very expensive and should classed among 
the luxuries, except cases where essential prevent the forma- 
tion ice alge. 

This due perhaps the fact that engineers, designing 
masonry coverings, have been hampered precedent. They look 
back structures, some which, the author points out, date from 
the time the Roman supremacy, and proceed construct vaulting 
laid down lines developed more years ago. 
particularly true recent vaulting Europe, outside France, and 
the engineer, even should desire branch out more rational 
design, confronted with these examples vaulting, used merely 
for the protection water from the action the elements, but 
actually strong enough carry railroad freight traffic. 

The modern development Portland cement concrete furnishes 
the engineer to-day with structural material easy handle, 
particularly adapted the construction vaulted masonry, and 
differing widely some its properties from materials heretofore 
commonly used such construction; and the writer wishes 
emphasize few points concerning the stresses which result 
monolithic work this nature. 


Mr. Fuller. 
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The author translates and endorses theory the stability 
groined arches dependent entirely the non-existence other 
forces than compression, and says 

apparent, course, that this method makes allowance 
for the greater stability the structure due the monolithic 


character the masonry when constructed concrete; which 
stability doubt materially increased thereby.” 


The writer has repeatedly noticed this tendency with engineers 
designing structures concrete they are made similar structures 
brick stone, and the added stability due other properties than 
those possessed such materials dismissed with the thought that 
the structure all the safer. would not think substituting 
steel for cast iron and taking into account only the properties the 
latter. 

Monolithic concrete independent building material, and 
separate consideration the stresses such structure must very 
complex, but possibly their nature somewhat follows 

Consider groined arch unit shown the author Fig. and 
cover its upper surface with uniformly distributed result 
must tendency lower the outside edges, and, single unit, 
such are now considering, can seen 
that this tendency must resisted the 
tensile, cross-breaking shear stresses the 
mass the unit itself. This action will 
understood more readily think ofthe unit 
varying areas piled symmetrically top the pier, Fig. 
step further, and remove the center these plates, have 
the result indicated Fig. 16, which most the cross-breaking 
stresses are replaced tension the rings, and have case some- 
what analogous that dome. 

The placing these units together 
form groined arch vaulting also brings into 
play compressive stresses, but there must 
perceptible lowering the keystone 
before the arch action takes effect, seen 
that, the groined arch unit capable resisting the tensile 
stresses, the arch action may not brought into play all and 
certainly only secondary consideration. such case the stability 
the structure added just such proportion these tensile 
and other stresses are brought into play. 

These illustrations are enough induce disbelief the appli- 
cability the author’s theory monolithic concrete vaulting, and 
the writer believes such theory equally inapplicable brick 
stone construction because the strain represented above being 
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resisted the mass the unit this other case would Mr. Fuller. 


resisted the outside abutments the structure. 

are based, other formulas cannot set their place, but the 
writer believes that the case the groined arch too complicated for 
the development theoretical formulas which can even approxi- 
mately correct, and suggests that practical experimenting and the 
development empirical formulas the only solution such 
questions. 

The writer has experimented models groined vaulting con- 
structed neat Portland cement scale actual structure 
and presents Plate III, two photographs one model showing the 
method failure, which was nearly identical all the models. 
Plate III, Fig. shows the top and Fig. the underside the model. 

The cracks are numbered the order which they appeared 
the loading was applied, and will seen that the first six were 
tension cracks, and, furthermore, that all units indicated tension 
cracks before the compression cracks appeared that unit. 

The surprising thing about these models was, that they sustained 
far heavier loading before showing failure than would supposed 
possible, and thus indicated that the accepted sections for such vault- 
ing can reduced materially, but, course, experiments should 
tried full-sized sections before any general deductions can made. 

can seen also that iron tension used the proper place 
groined arch, the strength the arch will increased materially, 
and, conversely, that its section and cost for given strength can 
reduced materially. 

little time and money devoted experimenting along the lines 
indicated would put 
durable and compara- 
tively inexpensive 
ering for reservoirs and 
filter beds. 

Concerning the cal- 
culation quantities 
the masonry vault- 
ing the writer evolved 
formulas for the differ- 
ent cases some time ago, 


which gave the same 
results those the 
author, but, his treat- 
ment the subject differs from that the author, solution one 
general case appended illustrate the difference methods. 
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Take the case the parabolic groined arch unit shown Fig, 
17, and the following notation 
Cross Span. 


One-half distance center center piers... 


With origin the equations the generating parabolas are 


any portion the solid 


and 


y 


with limits and 


The volume the air space remaining, between the plane springing 
lines and soffit arch, 


The value Formula (2) the same that found the 
author after the necessary changes have been made the notation. 


Conte’s statement that there are many modern designs for masonry 
coverings, composed concrete and iron tie-bars combined, which 
are equally durable, strong and efficient, take less space inside and 
are cheaper and better every way broad and sweeping. 
sive the groined arch masonry roofs doubtless are, though 
means always when considered from comparative point view 
and the conditions they are called upon meet. With the present 
prevailing high prices iron and steel, for instance, they will 
found more economical many cases than steel and concrete con- 
struction. Freedom from the danger corrosion, and cheapness 
maintenance they certainly possess, together with strength and 
stability. Further study and experiment will doubtless determine the 
limits which the dimensions the arch may safely reduced 
under different loads, with resulting economy material. 
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regards the actual expense, Mr. Hazen has stated that the cost Mr. Metcalf. 
the Albany filter plant roof amounted only $0.182 per square 
foot for the concrete masonry place, and less than $0.28 per square 
foot, including the cost piers, earth filling and seeding, manholes, 
entrances, fasteners, etc. small structure, where the centering 
cannot used second time, the cost relatively greater. Thus, 
the centering alone the Wellesley reservoir stated its engi- 
neer, Freeman Coffin, Am. Soc. E., have cost $0.225 per 
square foot. The roof the Concord, Mass., sewage storage well, 
ft. internal diameter and containing about 100 cu. yds. masonry, 
designed the writer, cost for 


Labor and 0.05 


Mr. Hutton has, unintentionally doubt, misquoted the writer 
saying the examples the groined arch engineering struct- 
ures that have come his knowledge are the United States.” 
What the writer said, was: examples, limited they 
are are all the United States that have thus far come” 
his knowledge. The limits the paper forbade reference the 
many examples, found home and abroad, the use the 
groined arch ecclesiastical structures, and the comparatively few 
engineering structures, several which Mr. Hutton has interest- 
ingly referred. One two structures, addition those described 
Mr. Hutton, which have come the writer’s notice the course 
his reading, are perhaps worthy note. The groined roof-arches 
covering the filter-beds the Zurich, Switzerland, water-works,* 
which are segmental, ft. ins. span, ft. in. rise, and ins. 
thickness concrete crown; and those the Berlin water-works 
reservoir Charlottenburg, referred William Morris’s paper 

the United States least two more groined arch reservoirs 
have been built the past year, both for the storage sewage—one 
the Metropolitan Water Board Boston, Clinton, Mass., the 
other the writer Concord, Mass. 

The investigations relating groined arches Mr. Hazen and 
Mr. Fuller, made the course the design and construction 
the Albany filter plant, and the subsequent development certain 
contraction cracks that structure under changing temperature con- 
ditions, are most instructive and worthy study. The writer 


_ * Engineering News, July 12th, 1894; and Minutes of Proceedings, Institution of 
Civil Engineers, Vol. cxi, 1892-93. 


Minutes Proceedings, Institution Civil Engineers, Vol. pages 1-60. 
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inclined agree with Mr. Fuller that tension the masonry over 
each pier, acting upon principle ‘‘somewhat analogous that of- 
the dome,” may factor the strength the arch; and, 
Hazen has suggested, that the cantilever principle, well that 
the beam and that the arch, called into the play. Just where 
one action begins and the other leaves off cannot determined 
demonstrated, but seems very probable that tensile stresses are 
first called into play the structure, and are followed compres- 
sive stresses under which the arch finally fails, was indicated 
clearly Mr. Fuller’s experiments upon small models. This indi- 
that the proper place introduce steel rods into the roof 
strengthen the masonry is, not over the piers, but along the crown 
lines across which tension cracks first appeared, the models tested, 
before the compression forces were called into play. 

Mr. Fuller’s method computing the volume masonry any 
given arch interesting. The work involved appears substan- 
tially the same the method pursued the writer. 


